endothelial function and angiogenesis in the retina [10, 11] . miR-29b is a member of the miR-29 family, which includes three highly conserved mature miR-29s (miR-29a, miR-29b, and miR-29c) [12] . Recent studies indicate that miR-29b is a multifunctional miRNA participating in various pathologies, including muscle atrophy [13] , tissue fibrosis [14] , metabolic disorders [15] , and cancers, such as endometrial carcinoma [16] , breast cancer [17] , and glioblastoma [18] . In particular, it was reported that miR-29b can regulate cell proliferation, differentiation, migration, and invasion of cancer cells, and participate in tumor angiogenesis [19] . However, the effects of miR-29b on retinal microvascular endothelial cell biology have not been reported yet.
In the present study, we investigated the roles of miR-29b-3p, as the leading strand of miR-29b, in retinal microvascular endothelial cells (RMECs). The results show that miR-29b-3p inhibits RMEC proliferation and angiogenesis, at least in part by targeting VEGFA and PDGFB.
METHODS
Cell culture: Rat primary RMECs were purchased from Cell Biologics Company (Chicago, IL; catalog no. RA-6065), and the certificate of analysis is listed in Appendix 1. RMECs were grown on cell culture flasks in endothelial cell medium (catalog no. 22,956; ScienCell, Carlsbad, CA) supplemented with 5% fetal bovine serum (catalog no. 0025; ScienCell), 100 units/ml penicillin and 100 µg/ml streptomycin (catalog no. 0503; ScienCell), and 1% endothelial cell growth supplement (catalog no. 1052; ScienCell). Cells between passages 4 and 10 were used in all experiments to maintain the primary characteristics of endothelial cells.
Cell groups and transfection: RMECs were plated on six-well plates, 1 day before transfection. At about 50-60% confluence, the cells were transfected with the miR-29b-3p mimic (miR-29b-3p-mimic), mimic negative control (NC mimic), miR-29b-3p inhibitor (anti-miR-29b-3p), or anti-negative control (anti-NC) synthesized by Ribobio (Guangzhou, China) at a final concentration of 100 nmol/l using Lipofectamine 3000 transfection reagent (Life Technologies, Carlsbad, CA) according to the manufacturer's protocols. A mock transfection group received only the transfection reagents.
Cell viability assay: Cell viability was assessed using Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) assays according to the manufacturer's instructions. RMECs (3 × 10 3 cells/well) were seeded on 96-well plates and incubated at 37 °C in 5% CO 2 overnight, and then transfected with NC mimic, miR-29b-3p-mimic, NC inhibitor, or anti-miR-29b-3p. After incubation for 48 h, 10 µl CCK-8 solution was added to each well, and the wells were incubated for another 2 h at 37 °C. Absorbance was measured at 450 nm using a spectrophotometer (Thermo Scientific, Rockford, IL).
Wound scratch assays: Cells were seeded on six-well plates and transfected with NC mimic, miR-29b-3p-mimic, anti-NC, or anti-miR-29b-3p until they were 90% confluent. A sterile 200 µl pipette tip was used to scratch a wound in the cell monolayer, and then the wells were washed with cold PBS (1X; 155 mM NaCl, 3 mM Na 2 HPO 4 -7H 2 O, 1 mM KH 2 PO 4 , pH 7.4; Gibco, Grand Island, NY) twice. The cells were then grown in fresh medium, and the wounds in each well were photographed at 0 and 6 h under a light microscope (Leica Microsystems, Wetzlar, Hesse-Darmstadt, Germany). The scratch width in each image was measured using ImageJ software (ImageJ). The wound healing rate was calculated as follows: wound healing rate = (initial scratch width − final scratch width) / initial scratch width × 100%.
Tube formation assay: In vitro: Angiogenesis was assessed with the tube formation ability on Matrigel (BD Biosciences, Franklin Lakes, NJ). Briefly, 50 µl/well of Matrigel diluted in serum-free medium (1:1) was added to 96-well plates and incubated at 37 °C for 30 min. Transfected cells (1 × 10 4 cells/ well) were seeded on the Matrigel-coated wells and incubated at 37 °C for 6 h. Tube formation was assessed on photographs taken with a light microscope (Leica Microsystems). The total tube length in each image was quantified using ImageJ software.
Immunofluorescence: Cells were grown on coverslips in 24-well plates and fixed in 4% paraformaldehyde for 15 min at room temperature. After washing three times in PBS, the cells were blocked with 5% fetal bovine serum for 1 h at room temperature. The cells were then incubated with primary anti-CD31 antibody (1:100, AF3628; R&D Systems, Minneapolis, MN) or anti-Ki67 antibody (1:100, ab15580; Abcam, Cambridge, UK) overnight at 4 °C. After washing three times with PBS, the cells were incubated with corresponding secondary antibodies (1:1000; Invitrogen, Carlsbad, CA) for 1 h at room temperature. The cells were rinsed with PBS and incubated with 4′,6-diamidino-2-phenylindole (Yeasen Biotech, Shanghai, China) for 5 min. After mounting with glycerol, the coverslips were analyzed with fluorescence microscopy (Leica Microsystems).
Quantitative real-time PCR:
At 48 h after transfection, total RNA was extracted from the cultured cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. For miRNA expression analysis, miRNA was reverse-transcribed using specific real-time (RT) primers (Ribobio) at 42 °C for 60 min and 70 °C for 10 min. Quantitative real-time PCR reactions were performed using the Bulge-Loop TM miRNA qRT-PCR Starter Kit (miR-29b-3p
Product ID: MQP-0101; U6 Product ID: MQP-0201; Ribobio) according to the manufacturer's protocols. A SYBR Green PCR system (Applied Biosystems, Foster City, CA) was used under the following conditions: 95 °C for 10 min, followed by 40 cycles at 95 °C for 2 s, 60 °C for 20 s, and 70 °C for 10 s. To assess VEGFA and PDGFB mRNA expression, we used the following primers: VEGFA forward 5′-AAA GCC CAT GAA GTG GTG AAG-3′, reverse 5′-CAT CTC TCC TAT GTG CTG GCT TT-3′; PDGFB forward 5′-CGC TAA CAT CAA ATG GGG TG-3′, reverse 5′-TTG CTG ACA ATC TTG AGG GAG-3′; GAPDH forward 5′-CGC TAA CAT CAA ATG GG GTG-3′, reverse 5′-TTG CTG ACA ATC TTG AGG GAG-3′; all primers were synthesized by Genecreate (Wuhan, China). cDNAs (cDNAs) were synthesized using the M-MLV Reverse Transcriptase Kit (ELK Biotechnology, Wuhan, China) with the following conditions: 42 °C for 60 min, 85 °C for 5 min, and hold at 4 °C. Real-time PCR was performed using a StepOne™ Real-Time PCR instrument (Thermo Scientific) The thermal cycling conditions were 95 °C for 1 min, followed by 40 cycles of 95 °C for 15 s, 58 °C for 20 s, and 72 °C for 45 s, and the melting curve profiles were generated at the end. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6 were used as loading controls to quantify the mRNA and miRNA expression levels, respectively, using the formula: 2 −ΔΔCt .
Western blotting: At 72 h after transfection, cells were harvested with 0.05% Trypsin-EDTA (Thermo Scientific), washed with PBS, and lysed with radioimmunoprecipitation assay (RIPA) buffer (Beyotime, Jiangsu, China). The protein concentration was measured using a BCA Protein Assay kit (Beyotime). Equal amounts of protein (30 µg) were loaded and separated on 12% sodium dodecyl sulfate-polyacrylamide gels. Then, the gels were transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA). After blocking for 1 h in 5% skimmed milk at room temperature, the membranes were incubated overnight at 4 °C with antibodies for proliferating cell nuclear antigen (PCNA; 1:1,000; sc-25280; Santa Cruz Biotechnology, Dallas, TX), cyclin A2 (1:1,000; ab38; Abcam), cyclin E1 (1:1,000; 20808s; Cell Signaling Technology, Danvers, MA), cyclin D1 (1:1,000; ab134175; Abcam), VEGFA (1:1,000; 19,003-1-AP; Proteintech Group, Chicago, IL), PDGFB (1:1,000; ab178409; Abcam), and β-tubulin (1:1,000; AB0039; Abways, Shanghai, China). After incubation with corresponding horseradish-peroxidase-conjugated secondary antibodies for 1 h at room temperature, the blots were visualized with Super Enhanced Chemiluminescence (ECL) Detection Reagent (Yeasen Biotech), and the signals were analyzed using ImageJ software. Full western blots are shown in Appendix 2, Appendix 3, Appendix 4, Appendix 5, Appendix 6, Appendix 7, Appendix 8, and Appendix 9.
Statistical analysis: All experiments were repeated independently at least three times. Data are expressed as the mean ± standard deviation. One-way ANOVA followed by Tukey's multiple comparisons test was used for all statistical analyses. Statistical significance was defined as a p value of less than 0.05. Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad, San Diego, CA).
RESULTS

Overexpression of miR-29b-3p inhibited RMEC proliferation:
The cultured RMECs were fusiform-shaped, and showed abundant expression of CD31, a biomarker for endothelial cells (Figure 1 ). To elucidate the specific role of miR-29b-3p in the angiogenic response of endothelial cells, RMECs were first transiently transfected with miR-29b-3p-mimic. Quantitative real-time PCR revealed that the expression of miR-29b-3p was dramatically improved by miR-29b-3pmimic transfection compared with that of the NC group ( Figure 2A ). We then examined the effects of miR-29b-3p on cell proliferation in RMECs. The results of the CCK-8 assay showed that miR-29b-3p overexpression statistically significantly decreased the viability of RMECs compared with that of the NC group at 48 h post-transfection ( Figure 2B ). Ki67 staining and PCNA expression, both of which are commonly used as markers of cell proliferation [20] , were detected in the RMECs. We found that miR-29b-3p overexpression statistically significantly reduced the percentage of Ki67-positive RMECs and inhibited PCNA protein expression compared with those of the NC group ( Figure 2C -F). We also examined the expression levels of the cell cycle-related proteins cyclins A2, D1, and E1 to determine whether miR-29b-3p regulates cell cycle progression in RMECs. Western blotting revealed that miR-29b-3p transfection decreased the expression levels of these cyclins compared with those of the NC group ( Figure  2G -J). Taken together, these results suggested that miR-29b-3p overexpression suppressed cell proliferation and cell cycle progression of RMECs in vitro.
miR-29b-3p overexpression attenuated RMEC angiogenesis:
To determine the roles of miR-29b in RMEC angiogenesis, we performed wound scratch and tube formation assays. The results of these assays indicate that the RMECs treated with miR-29b-3p moved slower than the NC-transfected cells at 6 h post-transfection ( Figure 3A,B ). As shown in Figure 3C ,D, the total tube length was statistically significantly smaller in the miR-29b-3p-mimic group than in the NC group at 6 h post-transfection ( Figure 3C ,D). There were no apparent differences in the wound healing rates or total tube lengths between the mock and NC groups. These results indicated that miR-29b-3p overexpression inhibited RMEC angiogenesis in vitro.
Inhibition of miR-29b-3p enhanced RMEC proliferation:
After establishing the effects of miR-29b-3p overexpression on RMECs, we next transfected cells with anti-miR-29b-3p to inhibit miR-29b-3p. Quantitative real-time PCR confirmed that anti-miR-29b-3p transfection statistically significantly inhibited miR-29b-3p expression ( Figure 4A ). Then, we examined the effects of anti-miR-29b-3p on RMEC proliferation. As shown in Figure 4B , anti-NC did not statistically significantly affect cell viability, whereas anti-miR-29b-3p statistically significantly increased RMEC viability compared with that of the anti-NC group at 48 h post-transfection ( Figure 4B ). Ki67 staining and western blotting revealed that anti-miR-29b-3p transfection resulted in more Ki67-labeled cells and increased PCNA protein expression compared with those of the anti-NC group ( Figure 4C -F). Additionally, the protein expression levels of cyclin A2, cyclin D1, and cyclin E1 in the RMECs were statistically significantly elevated by anti-miR-29b-3p transfection compared with those of the anti-NC group at 72 h post-transfection ( Figure 4G -J). These observations suggest that inhibition of miR-29b-3p enhances cell proliferation and cell cycle progression of RMECs in vitro.
Inhibition of miR-29b-3p facilitated RMEC angiogenesis:
We also examined the effects of anti-miR-29b-3p on cell migration and tube formation. The wound scratch test showed that inhibition of miR-29b-3p accelerated RMEC migration at 6 h post-transfection compared with that of the anti-NC group (Figure 5A,B) . Moreover, inhibition of miR-29b-3p increased the total tube length of the RMECs compared with that of the anti-NC group at 6 h post-transfection ( Figure 5C ,D). There were no apparent differences in the wound healing rates or total tube lengths between the mock and anti-NC groups. Overall, these data indicate that miR-29b-3p acts as a negative regulator of RMEC angiogenesis.
miR-29b-3p negatively regulated the expression of angiogenic factors in RMECs: Previous studies showed that VEGFA and PDGFB are regulators of the proliferation and vessel growth of endothelial cells [21, 22] . MiR-29b has been demonstrated to bind to the 3′-UTR of VEGFA and PDGFB in 293T cells and other types of cells, by using the dual luciferase reporter gene assays [17, [23] [24] [25] [26] . Therefore, we examined whether these growth factors are involved in the antiangiogenic effects of miR-29b in RMECs. As shown in Figure 6A , bioinformatic analysis using miRDB showed that the miR-29b-3p recognition sites on the 3′-UTR sequences of VEGFA and PDGFB are highly conserved among vertebrates, including rats, humans, and mice. Moreover, we performed quantitative real-time PCR and western blotting to determine the effects of miR-29b-3p on the gene and protein expression levels of VEGFA and PDGFB in RMECs. Compared with the RMECs transfected with NC, the mRNA levels of VEGFA and PDGFB were statistically significantly reduced by miR-29b-3p ( Figure 6B,C) . Likewise, western blotting revealed that transfection with miR-29b-3p-mimic noticeably reduced the protein expression levels of VEGFA and PDGFB ( Figure 6D-G) . In contrast, downregulation of miR-29b-3p statistically significantly increased the mRNA (Figure 6H 
DISCUSSION
In the present study, we found that overexpression of miR-29b-3p inhibited endothelial proliferation and angiogenesis of RMECs, whereas miR-29b-3p inhibition had the opposite effects. These effects of miR-29b-3p on RMECs were mediated by negatively regulation of VEGFA and PDGFB expression. To the best of our knowledge, this is the first study to demonstrate the effects of miR-29b on cell proliferation and angiogenesis of RMECs.
Recent studies have provided statistically significant insight into the biology and clinical relevance of the miR-29 family, which comprises miR-29a, miR-29b-1, miR-29b-2, and miR-29c. Mature miR-29s are highly conserved across humans, rats, and mice. The sequences of mature miR-29b-1 and miR-29b-2 are identical, and they are referred to as miR-29b. miR-29b is an important regulator of many cellular processes, including cell proliferation, differentiation, and apoptosis [12] . Previous studies revealed that miR-29b acts blotting showed that the protein expression levels of cyclin A2, cyclin D1, and cyclin E1 were statistically significantly downregulated by miR-29b-3p-mimic compared those of with the NC group. U6 and β-tubulin were used as the internal controls for miR-29b-3p expression and western blotting, respectively. n=3 per group. *p<0.05.
as a tumor suppressor in many tumor types, and downregulation of miR-29b has been linked with many types of cancer, including acute myelogenous leukemia [27] , invasive breast cancer [28] , lung cancer [29] , and cholangiocarcinoma [30] . It was reported that the induction of miR-29b expression led to reduced cell growth and the induction of apoptosis in myeloid leukemia cell lines by regulating apoptosis, cell cycle, and proliferation [27] . Moreover, Fabbri et al. reported that the miR-29 family could inhibit tumor growth by suppressing DNA methyltransferase and normalizing aberrant methylation in lung cancer cell lines [31] . It was also reported that miR-29 overexpression inhibited the proliferation of esophageal squamous cell carcinoma cells, and induced cell cycle arrest at the G0-G1 stage by suppressing cyclin E expression [32] . However, the roles of miR-29b in ocular diseases, especially retinal neovascularization, remain largely unknown. In the present study, we found that miR-29b-3p inhibited endothelial cell proliferation. Meanwhile, the expression of PCNA, a marker for cell proliferation, was also inhibited by miR-29b-3p. The cyclins D1, E1, and A2 are key proteins implicated in the G0-G1 and G1-S transitions, which permit cells to enter the S phase of the cell cycle and promote cell proliferation [33] [34] [35] . We found that miR-29b-3p downregulated the expression levels of cyclins A2, D1, and E1, which indicates that it inhibited cell cycle progression and proliferation of RMECs. In contrast, inhibition of miR-29b-3p had the opposite effects. These results indicate that miR-29b acts as a negative regulator of cell cycle progression and proliferation of RMECs.
Another important function of the miR-29 family is regulation of the extracellular matrix [12] . It has been shown that miR-29s target up to 16 extracellular matrix genes implicated in fibrosis in many organs and tissues [12] . Loss of regulation of extracellular matrix by miR-29s may also facilitate cell migration. For example, Chou et al. reported that miR-29b suppressed breast cancer migration were transfected with 100 nmol/l of anti-miR-29b-3p or negative control inhibitor (anti-NC). Quantitative real-time PCR confirmed that transfection with anti-miR-29b-3p decreased the expression level of miR-29b-3p compared with that of the anti-NC group. B: At 48 h after transfection, cell viability was assessed using CCK-8 assays, and relative cell viability was calculated against mock-transfected cells. Transfection with anti-miR-29b-3p statistically significantly increased the viability of RMECs compared with that of the anti-NC group. C, D: At 48 h after transfection, immunofluorescent staining showed that transfection with anti-miR-29b-3p increased the proportion of Ki67-labeled cells compared with that of the anti-NC group. The relative proliferation rate of RMECs determined by Ki67 staining was calculated against mock-transfected cells. E, F: At 72 h after transfection, western blotting showed that the protein expression of proliferating cell nuclear antigen (PCNA) was statistically significantly increased by anti-miR-29b-3p compared with that of the NC group. G-J: At 72 h after transfection, western botting showed that the protein expression levels of cyclin A2, cyclin D1, and cyclin E1 were statistically significantly upregulated by anti-miR-29b-3p compared with those of the anti-NC group. U6 and β-tubulin were used as the internal controls for miR-29b-3p expression and western blotting, respectively. n=3 per group. *p<0.05. and metastasis by targeting a network of factors involved in collagen remodeling, matrix degradation, and angiogenesis, including angiopoietin-like 4, lysyl oxidase, matrix metalloproteinase (MMP)-2, MMP-9, PDGF, and VEGF [17] . Additional studies have shown that miR-29b inhibits tumor angiogenesis in endometrial carcinoma by targeting VEGFA via the mitogen-activated protein kinase/extracellular-related kinase and phosphoinositide 3-kinase/Akt signaling pathways [16] . In heart tissues, it was reported that berberine promotes ischemia-induced angiogenesis by upregulating miR-29b expression [36] . Additionally, Cai et al. reported that in a model of laser-induced choroidal neovascularization, nuclear factor-κB activation inhibited miR-29s, which might contribute to angiogenesis by upregulating MMP-2 expression in retinal pigment epithelial cells [37] . Consistent with these previous studies, we found that miR-29b-3p decreased cell migratory capacity while inhibition of miR-29b-3p enhanced cell migration in RMECs. Tube formation was also impaired by upregulation of miR-29b-3p, and was increased by miR-29b inhibition. Therefore, our gain-and loss-of-function experiments have highlighted critical roles of miR-29b in angiogenesis of RMECs.
Angiogenesis is regulated by a cohort of angiogenesisrelated factors, including VEGF, PDGF, FGF, and transforming growth factor [3] . VEGFA, the most prevalent member of the VEGF family, is a proangiogenic glycoprotein involved in the proliferation and migration of endothelial cells. VEGFA is also involved in vascular permeability by binding to the VEGF receptors, including VEGFR-1 and -2, as well as nucleoprotein-1 and -2 [21, 38] . Recent studies revealed that miR-29b regulates the expression of VEGFA by directly binding to their 3′-UTRs [16, 17, 23, 24] . Consistent with those studies, we found that miR-29b-3p downregulated VEGFA expression, whereas inhibition of miR-29b-3p increased VEGFA expression. PDGF, originally isolated from platelets, is a ubiquitous growth factor that stimulates cellular proliferation and directs cellular movement [22] . PDGF contributes to the recruitment of pericytes to surround newly formed vessels [5, 39] . PDGFB is the predominant isoform of the PDGF family expressed in ocular tissue [40] . In addition to VEGFA, direct targeting of miR-29b to PDGFB was experimentally validated with luciferase reporter gene assays [17, 25] . Using RMECs, we found that miR-29b-3p strongly inhibited PDGFB expression while inhibition of miR-29b-3p increased PDGFB expression. Considering the mode of action of miRNAs, we think that miR-29b-3p binds to the VEGFA and PDGFB gene transcripts and degrades the target mRNAs, and thus, regulates RMEC proliferation, migration, and angiogenesis.
This study had several limitations. In particular, we cannot exclude the possibility that other unknown target sites for miR-29b are involved in its antiangiogenic effects. The proangiogenic effects of miR-29b should be verified in vivo using animal models in future studies.
In conclusion, this study adds to the growing body of evidence implicating miRNAs in the regulation of angiogenesis. There are several ongoing clinical trials designed to test the efficacy of miRNAs in the treatment of various disorders, such that miRNA-based gene therapy may become a novel therapeutic option for a wide range of diseases in the future [41] . Based on these data, we speculate that miR-29b-3p may become a potential therapeutic target for retinal neovascularization. This assumption requires further experiments to validate and more clinical trials to verify.
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